Previous analytic approaches for all-optical networks have only allowed a random wavelength assignment policy in spite of the fact that network performance can be improved by other wavelength assignment policies such as first-fit wavelength assignment. In this paper, we develop an approximate analytic method to allow flexible wavelength assignment policies by virtue of a layeredgraph approach. Our analysis is also applicable to the networks that wavelength conversion is limitedly provided. By comparing with simulation results, we show that our analytic approach has good accuracies when the number of wavelengths is not large.
Introduction
An all-optical network is expected to meet large bandwidth requirements for a future very high speed multimedia network. To realize such a network, it is expected for the switching node to operate without optical from/to electronic conversion since it causes processing bottleneck. However, it is difficult to provide a full capability of wavelength conversion without optical from/to electronic conversion under the current technology. Of course, the wavelength conversion is not necessary if the same wavelength is assigned to the connection on all the links along the route but the performance in terms of call blocking probability is much degraded when compared with the case of wavelength conversion [1] [2] [3] [4] . In order to improve the performance, it becomes important which wavelength is assigned for a newly arriving connection request when several wavelengths are free on the route.
In this paper, we newly develop an approximate analytic approach for a flexible wavelength assignment policy and routing strategy. Previous analytic approaches in all-optical domains have assumed that the utilization of all wavelengths on the link is identical [3, 5] , or that the wavelength is randomly assigned when several wavelengths are free on the route [1, 6, 7] . However, it has already been shown that the wavelength selection plays an important role to improve the network performance (i.e., call blocking probability) [1, 2, 7, 8] . For example, the authors in Refs. [1, 7] examined the first-fit wavelength assignment, where the shortest (or longest) wavelength is always chosen among the available wavelengths at the connection establishment time. By this mechanism, the network tends to remain longer (shorter) wavelengths. Those can be used for connections with more hops, which results in performance improvement of connections with more hops and henceforth the entire network. The firstfit assignment policy is actually promising even from a viewpoint of implementation. Nevertheless the random assignment has been adopted in analytic approaches in the past literatures only due to its analytical tractability.
Our analytic method can incorporate various wavelength assignment methods including the above first-fit assignment policy. Our method is based on a recently developed layered-graph approach [9] , in which each wavelength is separately assigned a virtual path between optical nodes. In Ref. [9] , the authors studied optimal routing and wavelength assignment for the case where wavelength conversion is not allowed. We utilize the layeredgraph approach for developing an approximate analysis as shown in the following sections.
Fortunately, a recent advancement of wavelength conversion technology makes it possible to convert the input wavelength to the different output wavelength if those are within a some limited range [5, 10] . The conversion range is being gradually broader, and the wavelength can be converted up to 65 nm using the FWM (Four-Wave Mixing) method [10] . A limitation caused by power degradation of the converted signal and lower ratio of signal to noise requires a careful treatment of wavelength conversion in such a network, but the performance improvement can be expected when comparing with the case of no wavelength conversion. In Ref. [5] , such performance comparisons are made to show that the effect of the limited-range wavelength conversion is considerable. However, their analytic model is limited to a simple tandem queueing network. In this paper, we extend the layered-graph approach such that modeling of the limited-range wavelength conversion is also allowed for the network with general topology while the authors in Ref. [9] only consider the case with no wavelength conversion.
The paper is organized as follows. In Section 2, we extend the layered-graph approach to the network with limited-range wavelength conversion. In Section 3, we develop an approximate analytic approach for various wavelength assignment policies in all-optical networks with/without limited-range wavelength conversion. Section 4 is devoted to assess the accuracy of our approximate approach. Finally, Section 5 presents our conclusions and future works.
Extension of Layered-Graph Approach
In the optical network without wavelength conversion, we have to take account of wavelength continuity, that is, the same wavelength must be assigned to the connection on all the links along the route. It introduces a difficulty that wavelength assignment and routing should be considered at the same time. The layered-graph approach in Ref. [9] can alleviate this difficulty by virtually separating the wavelengths into the different paths. As a result, it makes it easy to determine the path for the end node pair. In this section, we extend the layered-graph approach in Ref. [9] to the network with limited-range wavelength conversion. We first introduce several notations for describing an original optical network.
(1) A network consists of I nodes and J directed links.
A set of nodes is denoted by fN 1 ; N 2 ; : : : ; N I g and a set of links be fL 1 ; L 2 ; : : : ; L J g. The optical network is translated into the layeredgraph. See Figs. 1 and 2 for the sample original network having four wavelengths on each link, and the corresponding layered network, respectively. Each layer corresponds to the single wavelength, and the number of layers corresponds to the number of wavelengths. Each optical node in the original network is separated into two nodes to represent input and output ports on the every layer. The vertical arrows connecting nodes on different layers show the allowable range of wavelength conversion between input and output nodes. If the wavelength conversion is not allowed as in Ref. [9] , input and output nodes are simply connected on the same layer and vertical arrows do not appear. On the other hand, if a full conversion of wavelengths is allowed at each node, vertical arrows connect all input and output nodes, which indicates that an optical signal arriving at some input node can be directed to any output node.
We use the following notations to represent the layered network.
(1) The layered-graph has W layers. The k th layer corresponds to k th wavelength. (2) edge between input and output nodes within the optical node) on the layered-graph to discriminate it with a term "route", which corresponds to the set of links in the original network. Two terms "edge" and "link" are also discriminated due to the same reason. In Fig. 2 , we show the case where the wavelength conversion is allowed if the distance of two wavelengths is less than or equal to one (i.e., = 1). Note that only one node (N 3 ) is precisely illustrated in the figure.
Using the layered-graph, it becomes easy to prepare paths for every end node pair for a given wavelength assignment policy. As a simplest example, let us consider the first-fit wavelength assignment without wavelength conversion. For the routing strategy, we assume the shortest path routing by setting the hop count as a route cost. Then, the route in the original network is directly mapped to the path in each layer of the layered graph. The edge between input/output nodes is only for graphical representation if we consider the hop count as a cost. When the connection setup request in the layered graph, the path on the top layer is first examined, and the connection is admitted if all the edges on the path is available. If not, on the other hand, the second layer is examined next. This procedure is continued until the available path is found, and the connection request is rejected if the paths on the all layers are not available. Our problem is then to analyze a loss network [11] with multiple alternate paths, as will be presented in Section 3. Note that we have only described a simple case for ease of presentation in the above, but other cases can also be treated. For example, it is possible to incorporate the degradation of optical power as an edge cost. In this case, power degradation can directly be used as the edge cost. Another example is FARRsv (fixed alternate routing and wavelength reservation) method introduced in Ref. [2] where an end node pair can use a limited number of wavelengths for the connection setup. The assumption required in the analysis is that all the paths for each end node pair are predetermined and ordered.
Approximate Analysis
We assume that paths for every end node pair are predetermined and ordered. When the connection setup request arrives, the available path is sought in the predetermined order of paths associated with the end node pair, and the connection is established on the first path on which all edges are available (i.e., the wavelength on that layer is idle). Therefore, we can view our model as a loss network [11] where multiple alternate paths are predefined for each end node pair. In this section, we develop an approximate analytic approach for this network.
In Refs. [1, 6] , the authors have analyzed all-optical networks without wavelength conversion by assuming the fixed routing method. Their analysis is based on a reduced load approximation method [11] , taking account of wavelength continuity because of no capability of wavelength conversion. On the contrary, we extend the reduced load approximation method to treat the alternate routing method in the current paper, and therefore it is not necessary to consider the wavelength continuity in the analysis owing to introduction of the layered-graph. More notably, our approach can also allow various wavelength assignment policies other than the simple first-fit wavelength assignment method.
Analytic Model
Recalling that notations to represent a network model and the corresponding layered-graph were shown in Section 2, we introduce the additional notations to describe our analysis.
(1) Denote P (i) a as i th path for end node pair a. A set of paths is predetermined according to a given wavelength assignment policy and a routing strategy, and is denoted as P a = fP (1) a ; P (2) a ; : : : ; P (na) a g, where n a is the number of paths prepared for end node pair a.
When a connection setup request arrives at end node pair a, the first path P (1) a is examined to check if the connection is established. If the request cannot be established on the first path, paths P (2) a ; P (3) a ; : : : ; P (na) a are checked in that order. If the connection cannot be established on any route in P a , the connection request is blocked.
In the previous example where first-fit policy and shortest path routing are utilized, P a is given as fP (1) a ; P (2) a ; : : : ; P (W) a g where P (i) a is the shortest path for the end node pair a on the i th layer. In another case, alternate routes may be prepared for each end node pair. In that case, the path set P a includes more paths, the number of paths depends on the routing policy.
(2) A set of paths including edge e jk ( j th edge on the k th layer) is represented by R jk = fR (1) jk ; R (2) jk ; : : : ; R (M) jk g, where M is the total number of paths which includes edge e jk . Path P (i) a , i th path for the end node pair a, is contained in the path set R jk , if that path includes the edge e jk . n m;jk = (0; : : : ; 0; 1 m th ; 0; : : : ; 0): The notation n 0;jk shows the vector with all zeroes, meaning that edge e jk is idle. Since the total number of paths which include edge e jk is M, the state space of n m;jk is M + 1.
The whole network state is then represented as (n m;11 ; ; n m;J1 ; ; n m;1W ; ; n m;JW ) (0 or 1). However, it is difficult to exactly obtain its steady state probability, and therefore each edge is independently analyzed as will be described in Subsection 3.2. As described in (4), the connection requests arrive at the first path following the Poisson distribution. If that path is not available, the request goes to the second path. In our approach, it is modeled by BPP (Bernoulli-Poisson-Pascal) [12] , and its parameters are represents by 0 jk;m (n m ). See the below and the next subsection for more detail.
Our analysis follows a well-known reduced load approximation method [11] . That is, as will be described in more detail in Subsection 3.2, each edge in the layeredgraph is analyzed independently. However, we need to take account of the fact that overflowing connection requests rejected at other edges may arrive at the tagged edge. For example, if we adopt the first-fit wavelength assignment policy, the edge on the third layer in the layeredgraph corresponds to the third wavelength ( 3 ). Then, the connection setup request arrives on that edge when the first and second wavelengths are not available. Other combinations are also taken into account in the analysis because we intend to allow various wavelength assignment policies.
A key idea of our analysis is that the arrival process on each edge is approximated by BPP distribution [12] . Since the superposition process of BPPs is also BPP, we model the overflow processes from other edges by BPP, and the tagged edge is analyzed by modeling it as a BPP/M/1/1 queue. Further, we derive the overflow process from the tagged edge. The overflow process is characterized by the first and second moments to approximately represent by BPP. It will be used in analyzing other edges if connection requests rejected at the tagged edge go to those edges. A more specific derivation will be described in Subsection 3.3.
Numerical Algorithm
The numerical algorithm described in this subsection follows a reduced load approximation method [11] . For this purpose, we introduce the probability q jk (x) as the steady-state probability that x wavelengths are available on edge e jk . Note that x takes 0 or 1 in our case. That is, if some connection uses the wavelength on edge e jk in one of states n i;jk (1 i M), x = 0. On the other hand, the wavelength is idle in state n 0;jk , and x is equal to 1.
We determine the blocking probabilities at all end node pairs using the following algorithm. q jk (x) (x = 0; 1) using Eqs. (9) and (10) of Subsection 3.3. As will be described in the next subsection, those quantities are 
Analysis of Overflow Process
Let us focus on some edge e jk . Our objective of the analysis in the below is two-fold. One is to determine the steady-state probability, q jk (x) (x = 0; 1), for the tagged edge. The other is to determine the overflow process of connection setup requests by approximately modeling it by BPP. In doing so, we need to discriminate the requests among the end node pairs. Namely, if the setup request is rejected on the current edge, such an overflowing request goes to the next path dependent on the end node pair that the setup request belongs to. Then, the possibility of connection establishment is examined at the next path. For analyzing such a system, we follow the conventional method in Ref. [13] . We consider two queues; one is the primary queue with finite number of servers (a single server in our case) and the other is the secondary queue with infinite servers (see Fig.3 ). No buffer is given in two queues. The primary queue corresponds to the tagged edge e jk , and the requests are served at the secondary queue when the server in the primary queue is busy. The number of requests served in the secondary queue determines the overflow process from the primary queue, i.e., the tagged edge. In our analysis, we derive the first and second moments for the distribution of the number of requests in the secondary queue, which are used to characterize BPP, and it will be used as an arrival process at the next path. In our system, however, we need to consider the overflow process separately. It is because the requests rejected at the tagged edge go to the next path according to the order of paths which are predetermine for each end node pair. For this purpose, the connection setup requests which arrive from other end node pair are simply discarded. Then, we can determine the overflow process of every end node pair which has the path including the tagged edge. See Fig. 3 in which the primary and secondary queues are represent as E jk and E 0 jk , respectively. Further, we need to consider the fact that the request cannot enter the primary queue E jk if path P (i) a includes two or more edges, and the request is blocked on other edges of P (i) a . In that case, the request goes to E 0 jk even if the server in primary queue E jk is idle. Such a probability can be obtained by analyzing other edges on that path (see Eq. (12)).
Determination of the Steady-State Probability
In what follows, we consider the edge e jk to analyze its steady state behavior. For brevity, we omit the suffix jk. Let us introduce Q(n; s) as the steady state probability that (1) the primary queue E jk is in state n(2 fn 0 ; n 1 ; : : : ; n M g), and that (2) 
we first derive the steady-state balance equation from state n 0 , meaning that no connection is established on the primary queue E jk (see Fig. 4 ). we can obtain a following equation from Eq.(3).
Next, we focus on state n i (i 6 = 0), which corresponds to the case where the connection is established on path 
Corresponding z-transform of Eq. (5) is then;
By substituting z = 1 in Eqs. (4) and (6), we obtain;
and
Since G n i (1) (0 i M) represents the steady state probability of the primary queue E jk in state n i , Eqs. (7) and (8) only relate to the primary queue E jk . Using Eqs. (1) and (2), we finally have;
Determination of the Overflow Process
We next approximate the overflow process of connection setup requests by BPP. For this purpose, we determine the first two moments of the number of requests in the secondary queue E 0 jk , which are used as the parameters of BPP arriving at next alternate path for connection setup requests via an analysis of the overflow process.
First, we determine the first moment of the number of requests in E 0 jk in the case where the state of the primary queue E jk is in n i (0 i M). By differentiating Eq. (4) with respect to z, and substituting z = 1, the fol- 
From Eqs. (14) and (15), we obtain G 00 n i (1), the second moment of the number of requests in the secondary queue E 0 jk for state n i . 
From the above equation, we obtain the arrival rate at path R (x) j , j ;x (n x ), when the state of the edge is in n m;jk . In analyzing our queueing system, we need to take account of rejected requests from the other edges on the path. Henceforth, we have jk;m (n m ) = 0 jk;m (n m ) Y e hl 2R (m) jk ; h6 =j q hl (1) : (17)
Determination of Blocking Probability
By using the steady state probability when the connection is established through path R (m) jk P (i) a , we determine throughput thr (i) a as G nm (1)=b a . Then, we can derive the blocking probabilities U a by collecting throughputs thr (i) a of all the paths P (i) a (1 i n a ) prepared for end node pair a;
Assessment of Accuracies
In this section, we assess the accuracy of our approximation method by comparing with simulation results. For the network model, we will use eight-node cube and sixteen-node mesh-torus. The results will be presented in Subsections 4.1 and 4.2. We further provide the results for the case where the overflow process follows the Poisson distribution; i.e., the second moment of the overflow process is not taken into account.
Eight-Node Cube
We first assess the accuracy of our approximation via eight-node cube model depicted in Fig. 5 in which the bidirectional link connects two adjacent nodes. The connection is assumed to be established along the shortest route between every end node pair. As shown in our simple network model in Fig. 5 , only three kinds of connections are generated; one-hop, two-hop and three-hop connections. For the wavelength assignment policy, we consider the first-fit policy, i.e., the available wavelength is always sought from the shortest wavelength 1 . If any wavelength on the predetermined paths are not available, the connection request is rejected. We also consider the case of limited-range wavelength conversion. Recall that the parameter shows an allowable range of the wavelength conversion, i.e., the input wavelength k can be converted in the range of max(1;k? ) through min(k+ ;W) . The first available wavelength in that range is then used for the connection establishment. We assume that every node has a capability of limited-range wavelength conversion. The arrival rate, b a , of connection setup requests is assumed to be identical among all end node pairs. Table 1 summarizes parameter sets for comparisons.
For the given network model depicted in Fig. 5 , we can generate the corresponding layered-graph according to the routing policy (shortest path routing) and wavelength assignment policy (first-fit method). Then, the approximate analysis presented in the previous section is carried out. In the approximate analysis, iteration is required and the convergence criteria is set to be 10 ?8 for the blocking probabilities. In simulation, 100,000 requests are generated at each end node pair.
Figures 6 through 10 present the results for different parameter sets in Table 1 . The horizontal axis in the figures shows the index of the end node pair. The end node pairs are divided into three groups dependent on the number of minimum hops; indices from 1 to 24, from 25 to 48, and from 49 to 56, correspond to the end node pair with one, two, and three hop counts, respectively. The vertical axis shows the blocking probability of each end node pair. BPP and Poisson approximation results and simulation results are labeled as "BPP", "Poisson" and "Simulation", respectively.
Figures 6 through 8 show blocking probabilities in the case where wavelength conversion is not provided (i.e., = 0). As can be seen from figures, blocking probabilities of our BPP approximation present good accuracy except type 3 ( Fig. 8) with the larger number of wavelengths (W = 8). Our BPP results are slightly overestimated, but much better than Poisson approximations which considerably underestimate the results.
Next, Figures 9 and 10 present the case where wavelength conversion is limitedly provided ( = 2). As can be seen from figures, blocking probabilities of our BPP approximation are still kept good accuracy while Poisson results become worse compared to results in the case where wavelength conversion is not provided. It is because in our BPP approximation, more accurately estimated overflow process improves the accuracy even in the case where the wavelength conversion in limitedly allowed. Accuracy of our approximation is not much affected by the traffic load condition, which is shown in Figs. 11  and 12 . In the figures, we plot blocking probabilities dependent on the arrival rate for two values of the allowable range of wavelength conversion ; = 0 in Fig. 11 and = 1 in Fig.12 . Overall blocking probability (averaged over all end node pairs) is labeled by "Overall," and blocking probabilities averaged over all 1-hop connections and 3-hop connections are also shown. As shown in two figures, blocking probabilities of BPP approximation are in good agreement with ones of simulations regardless of the number of hop counts and arrival rate of connection requests.
Sixteen-Node Mesh-Torus
This subsection presents the results for a larger network model, 16-node mesh-torus depicted in Fig. 13 . Assumptions of traffic generation and a wavelength assignment policy are same as ones in the previous subsection except that connections with four hops are also generated in this network.
In Figs. 14 and 15, we plot overall blocking probabilities as well as average blocking probabilities dependent on the number of hop counts. The number of wavelengths (W ) is four and wavelength conversion is not permitted ( = 0). As shown in two figures, the BPP approximation gives good accuracies even in this case, but the Poisson approximation also does. However, differences of accuracies can be found if we look at the individual blocking probability. In the figures, blocking probabilities dependent on the number of hop counts are also shown, and we can observe that our analytic method still offers good approximation.
Concluding Remarks
In this paper, we have developed a new approximate analytic approach for all-optical networks with/without limited-range wavelength conversion. By virtue of the layered-graph, our approach can treat a general network topology and allow to consider the wavelength assignment and routing selection at the same time. By comparing with simulation and Poisson approximation results, we have assessed the accuracy of our approach.
In this paper, we have examined only one example for the wavelength assignment policy. More discussions are required to investigate a suitable wavelength assignment policy to all-optical networks with limited-range wavelength conversion. 
